The high rate of protein synthesis in β-cells renders them susceptible to endoplasmic reticulum (ER) stress, a condition that can be aggravated by additional imbalances in ER homeostasis and could potentially contribute to the pathogenesis of type 1 and type 2 diabetes. Islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) is an ER-resident protein that is specifically expressed in pancreatic β-cells and is a major target of diabetogenic CD8 + T cell responses in non-obese diabetic (NOD) mice. We produced transgenic mice expressing human IGRP (hIGRP) under the control of rat insulin promoter (RIP) to study epitopes in hIGRP capable of driving diabetogenic human leukocyte antigen (HLA)-restricted CD8 + T cell responses in hIGRP/HLA transgenic NOD mice. Surprisingly, we found that 3 out of 14 lines expressing RIP-hIGRP in a non-T1D-prone genetic background developed a form of early-onset diabetes that was dissociated from autoimmune inflammation of pancreatic islets. We show that diabetes in these 3 lines resulted from increased rates of β-cell death because of ER stress. We hypothesize that IGRP compounds the viability of β-cells undergoing ER stress by generating unfolded proteins in the ER lumen, and that IGRP's location in the ER accounts, in part, for its exquisite immunogenicity in T1D-prone genetic backgrounds.
Introduction
eta-cell death is a major contributor to the pathogenesis of both type 1 and type 2 diabetes [1] . Type 1 diabetes (T1D) is caused by a T cell-mediated autoimmune assault against pancreatic β-cells, leading to progressive β-cell depletion, insulin deficiency and hyperglycemia [2] . Although type 2 diabetes is largely caused by insulin resistance and β-cell insufficiency, recent studies have provided evidence for increased rates of β-cell death [3] .
ER stress is a condition in which cellular insults like oxidative stress, aberrant Ca 2+ regulation or protein overexpression promote inappropriate folding of proteins in the ER. This leads to a cellular response, coined as the unfolded protein response (UPR), which involves both the upregulation of ER chaperones as a way to enhance the protein folding capacity of the ER and an attenuation of new protein synthesis. This response increases the 'ER-associated degradation' (ERAD) of misfolded proteins and promotes cell death [4] .
ER stress is a phenomenon that has been associated with different conditions leading to β-cell apoptosis and diabetes [5] [6] [7] . Given their role as insulin producers, β-cells have a very well developed ER capable of an extensive ER workload. This is reflected in increased expression of the ER chaperones calnexin and Bip and the ER stress transducer proteins Ire1α and PERK [8] . As a result, β-cells display increased sensitivity to insults like NO-mediated apoptosis [8] . In fact, β-cells are extremely sensitive to oxidative stress, a process that leads to NFκB activation, release of proinflammatory cytokines and chemokines and β-cell apoptosis or necrosis through poly ADP-ribose polymerase (PARP) activation [9] . Overexpression of unfolded or misfolded proteins has also been shown to induce ER stress in β-cells. For example, expression of a mutated form of insulin 2 in the Akita mouse fosters the accumulation of misfolded insulin 2 molecules in the ER of β-cells, leading to increased rates of β-cell loss [10] .
Islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) is a member of the G6Pase family that is specifically expressed in pancreatic islet cells, as an ER resident protein [11] . The role of this protein is unclear and its catalytic activity remains controversial. However, IGRP is a target of a very substantial population of islet-associated CD8 + T cells in NOD mice [12] . These CD8 + T cells -referred to as 8.3-like CD8 + T cells -express an invariant α chain characterized by Vα17-Jα42 recombination [13] [14] [15] [16] and undergo a process of avidity maturation during the progression of islet inflammation to overt diabetes [17] . IGRP has also recently been shown to be a target of autoreactive CD8 + T cells in human diabetic individuals [18] [19] [20] . Here, we report on novel lines of transgenic mice that express a rat-insulin promoter (RIP)-driven human IGRP transgene. We show that overexpression of IGRP in pancreatic β-cells can induce a form of early onset non-immune-mediated diabetes that is associated with increased ER stress and β- 
Material and methods

Production of transgenic mice
hIGRP cDNA was released from pPCR-Script Amp SK(+) (a gift from Dr. T. Dilorenzo, Albert Einstein College of Medicine, New York, NY) with HindIII and XhoI and ligated downstream of the rat insulin promoter (RIP) in a PBKS + II plasmid. The RIPhIGRP insert was then released with NotI, purified and injected into fertilized (B6xSJL) F2 oocytes. The 14 transgene-positive founders that were obtained were crossed with NOD mice. Mice of the F1 and N1 generation were used for this study.
Diabetes
Mice of the F1 and N1 generations were followed for diabetes development by measuring urine glucose levels. Animals with two consecutive readings of 3+ were considered diabetic (Diastix Reagent Strips for Urinalysis, Bayer Inc., Toronto, Ontario, Canada).
Immunohistochemistry and TUNEL staining
TUNEL assay was performed on formalin-fixed paraffin-embedded pancreatic tissue according to the manufacturer's protocol (ApopTag Plus peroxidase in situ Apoptosis Detection Kit, Chemicon International Inc., Temecula, CA). For insulin and CHOP (GADD34, a C/EBP transcription factor induced during the late stages of ER stress) staining, sections were stained with a guinea pig anti-insulin polyclonal Ab (Zymed/Invitrogen, San Francisco, CA) at a 1/100 dilution overnight at 4°C or with a rabbit anti-CHOP (GADD 153) polyclonal Ab (Santa Cruz Biotechnology Inc, Santa Cruz, CA), also at a 1/100 dilution for 60 minutes at room temperature, followed by a goat anti-rabbit secondary Ab (Vector Laboratories Inc., Burlington, Ontario, Canada).
Electron microscopy
Freshly isolated islets were fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH = 7.4) for 2 hours. The supernatant was discarded and 2% warm agar was added to the pellet. The agar-embedded pellet was then cut into pieces, washed 3 times with the same buffer, post-fixed in 1% osmium tetroxide in cacodylate buffer for 1 hour and dehydrated through a graded series of ethanols and embedded in Spurr's resin. Ultrathin sections were cut on a Reichet-Jung Ultracut E microtome using a diamond knife and stained with uranyl acetate and lead citrate. The sections were examined in a Hitachy H 7000 transmission electron microscope at 75kV.
RT-PCR analysis
RNA was purified from freshly isolated pancreatic islets using RNeasy Mini Kit (Qiagen, Mississauga, Ontario, Canada). Real-time RT-PCR analysis was performed in an ABI Prism 7000 system using TaqMan One-step RT-PCR Master Mix Reagents (Applied Biosystems, Foster City, CA) using the following primers: mIGRP sense: GCTTGGGTTTCGCCATCA; mIGRP anti-sense: CGGCTTGGTGCCATTTTCT; mIGRP probe: 6FAM-CTCAGAAATGTTCCTTCG GAGCTG-TAMRA; hIGRP sense GCTTCTTAG GGTGCTCAACATTG; hIGRP anti-sense: GGG TTAGCACACCACTTTTTGG and hIGRP probe 6FAM-CCTGCTGTGGTCCGTGCCCAT-TAMRA. TaqMan rodent GAPDH control primers and probe (Applied Biosystems) were used to normalize the mRNA levels. 
Results
Diabetes development versus hIGRP expression in islets of RIPhIGR transgenic mice
Fourteen lines of RIP-hIGRP transgenic mice were generated. Unexpectedly, transgene-positive animals from 3 of these lines spontaneously developed diabetes at an early age. As shown in Figure 1A , line #1107: 3 out of 11 mice with an average age at onset of 73 ± 17 days; line #1108: 10 out of 21 mice with an average age at onset of 31 ± 2 days and line #1110: 12 out of 17 mice, with an average age at onset of 41 ± 2 days, developed diabetes.
Real-time RT-PCR analysis revealed variable degrees of hIGRP mRNA expression in islets isolated from different lines ( Figure 1B ). For all but 3 of the 14 lines, inter-strain differences in hIGRP transgene expression were consistent in independent experiments ( Figure 1C) . Comparison of the expression levels of hIGRP versus those of endogenous mouse IGRP (mIGRP) revealed that all but one of the 14 lines (#1114) had high hIGRP/mIGRP ratios (ranging from ~8 to ~33) ( Figure 1D ). Line #1114 expressed nearly identical levels of hIGRP and mIGRP (hIGRP/mIGRP = 1.4) ( Figure 1D ). Interestingly, these differences in mRNA expression did not correlate with differences in the diabetes proclivity of the different lines. For example, whereas the diabetesprone lines #1107, #1108 and #1110 demonstrated moderate levels of expression, the two lines expressing the highest levels of hIGRP (#1105 and #1115 also displaying very high hIGRP/mIGRP ratios) were not diabetes susceptible.
Diabetes in RIP-hIGRP transgenic lines is associated with increased β-cell death
Because the levels of expression of the hIGRP transgene were assessed in purified islets, we considered the possibility that the lack of association between hIGRP mRNA levels and diabetes susceptibility might be due to effects of hIGRP expression on the number and/or function of β-cells within islets. That is, diabetes-prone lines might contain dysfunctional and/or fewer β-cells, as compared to their diabetes-resistant counterparts.
Hematoxilin and eosin staining of pancreatic tissue sections of mice from the diabetes-prone line #1108 did not show any evidence of islet inflammation, indicating that diabetes in these mice was not immunemediated ( Figure 2 ). We also compared the levels of insulin expression in islets of non-transgenic mice versus mice from non-diabetes-prone line #1115 and diabetes-prone line #1108. Compared to non-transgenic mice ( Figure 3A) , pancreata from line #1115 exhibited a decrease in insulin staining without displaying a significant reduction in the number of insulin-producing cells ( Figure 3B ), suggesting that hIGRP overexpression somehow inhibits insulin production by β-cells. In contrast, pancreata from line #1108 displayed both a clear decrease in the number of insulinproducing cells as well as in insulin levels ( Figure 3C ). This suggested that, in the β-cells of at least some lines, hIGRP overexpression not only downregulated insulin production but also caused β-cell death.
hIGRP overexpression triggers β-cell necrosis through ER stress
To investigate in more detail the mechanisms underlying the depletion of β-cells in diabetes-prone RIP-hIGRP lines, we carried out electron microscopy analyses of RIP-hIGRP islets. Non-transgenic islets contained β-cells with characteristic insulin-containing granules and an ER with normal luminal space ( Figures 4A and  4B ). hIGRP overexpression in non-diabetes-prone lines was associated with a reduction in the number of insulin-containing granules in most β-cells. Some β-cells demonstrated signs of ER stress [21, 22] , namely thickened nuclear membrane, increased ER luminal space and numerous cytoplasmic vacuoles ( Figure 4C ). Islets of diabetes-prone lines showed a significant reduction in the number of β-cells and a relative increase in the number of α and δ cells ( Figure 4D ). The remaining β-cells had significantly fewer insulin granules, pronounced signs of ER stress ( Figure 4E ) and loss of plasma membrane integrity ( Figure  4F ), a characteristic feature of necrotic cell death. Dead cells did not show signs of apoptosis such as nuclear fragmentation or formation of apoptotic bodies. In agreement with this interpretation of the data, islets of the diabetes-prone line #1108 did not contain TUNEL + cells ( Figure 5 ). Protein overexpression has been shown to trigger cell death by inducing ER stress [22] [23] [24] . CHOP (GADD34) is a member of the C/EBP family of transcription stress factors, which is strongly induced during late stages of ER stress [4, 8, 23] . We evaluated the presence of CHOP in islets of RIP-hIGRP transgenic mice. Although islets from nontransgenic mice ( Figure 6A ) and mice of the non-diabetesprone line #1115 did not express CHOP ( Figure 6B ), islets of mice of the diabetes-prone line #1108 demonstrated clear staining for CHOP in a significant fraction of islet cells ( Figure  6C ). These data confirmed that, in at least some transgenic lines, overexpression of RIP-hIGRP caused ER stress and promoted β-cell death.
Discussion
This study demonstrates that IGRP overexpression in pancreatic β -cells can activate an ER stress pathway that leads to β-cell death and a non-autoimmune form of early onset diabetes. We generated 14 RIP-hIGRP transgenic lines in a non-type 1 diabetes-prone genetic background and showed that they expressed variable levels of hIGRP mRNA. In these mice, hIGRP overexpression was associated with a significant reduction in the number of insulin granules, dilation of the ER lumen and CHOP expression. These signs of beta cell ER stress were accentuated in mice displaying diabetes proclivity and were accompanied by β-cell necrosis, leading to insulin deficiency and diabetes.
Since IGRP is a member of G6Pase family [11] , it is possible that increased expression of this protein interferes with the process of glucose-stimulated insulin secretion through increased dephosphorylation of glucose-6-phosphate and subsequent reduction in the ATP/ADP ratio. However, we think that this is unlikely because IGRP overexpression in transfected cell lines induced no [11, 25] or little [26] glucose-6-phosphatase activity. That IGRP has only minor enzymatic activity has been recently confirmed in IGRPdeficient mice [27] , which display subtle disturbances in glucose metabolism. Accordingly, our observation and RIP-hIGRP transgenic mice from non-diabetes-prone line #1115 (C) and diabetes-prone line #1108 (D-F). Note that, as compared to insulin granules, glucagon granules are round, fairly uniform in size and bear a membrane that is closely apposed to the granules' electron-dense content. Arrows indicate dilated ER or nuclear membrane. V: vacuoles. SG: secretory granules. ER: endoplasmic reticulum.
that RIP-hIGRP transgenic mice contain significantly reduced numbers of insulin granules is more consistent with a defect in insulin production than with a defect in insulin secretion.
Diabetes resulting from targeted overexpression of proteins in pancreatic β-cells is not unique to hIGRP and has been seen in other models. The underlying mechanisms, however, were unclear. Lo et al. reported that expression of major histocompatibility complex (MHC) class II molecules in β-cells resulted in a fully penetrant form of diabetes that was dissociated from lymphocytic infiltration of pancreatic islets [24] . In another report, RIP-driven expression of hen egg lysozyme (RIP-HEL) in H-2 k -congenic NOD mice caused diabetes, but not insulitis, in 60% of male mice [22] . In a very similar way to RIP-hIGRP mice, diabetes in these animals was associated with a decreased number of insulin granules, reduced β-cell mass and dilation of the ER lumen. The authors suggested ER stress as the underlying cause of the diabetic phenotype of these animals. Unlike diabetes in RIP-HEL transgenic NOD.H-2 k mice, which predominantly occurred in male mice, diabetes in RIP-hIGRP transgenic (SJLxB6) F2 x NOD F1 mice was not gender-biased. The mechanisms underlying this gender bias are unclear, but may have to do with differences in the genetic backgrounds of the mice.
The extensive secretory workload of β-cells renders them more susceptible to ER stress than other cell types. The fact that β-cells are the most affected cell type in mice lacking PERK (PKR-like ER kinase, a Ser/Thr kinase involved in cellular responses to ER stress) supports this concept [21] . These mice develop an early onset form of diabetes that is caused by ER stress and reduced β-cell survival. The Akita mouse, which carries a spontaneous mutation in the Ins2 gene, also develops an early-onset form of non-autoimmunemediated diabetes. Misfolded proinsulin-2 accumulates in the ER of these mice, causing ER distention and expression of the ER chaperone BiP and the transcription factor CHOP [10] .
IGRP is an autoantigen recognized by a substantial fraction of islet-associated CD8 + T cells in NOD mice, which we have referred to as '8.3-like' CD8 + T cells. Although 8.3-like CD8 + T cells recognize residues 206-214 of IGRP, multiple other subdominant epitopes are targeted by islet-associated CD8 + T cells. In fact, about 40% of all islet-associated CD8 + T cells are IGRPreactive [28] . On the basis of the data presented here, it is tempting to speculate that IGRP's exquisite im- munogenicity is somehow associated with its location in the ER. Its hydrophobicity may facilitate the generation of a relatively large number of misfolded IGRP molecules and defective ribosomal initiation products. Proteasomal degradation of these byproducts of IGRP synthesis could potentially fuel the generation, expression and recognition (by CD8 + T-cells) of diabetogenic levels of target peptide/MHC class I complexes on the β-cell surface. It is even possible that IGRP contributes to β-cell death in certain circumstances such as, for example, when β-cells undergo ER stress in response to genetic and environmental factors or in patients who upregulate IGRP expression in response to endogenous or exogenous cues. In addition, by virtue of its localization to the ER membrane, β-cell death resulting from either necrosis or apoptosis would result in the segregation of IGRP into necrotic debris and apoptotic bodies, which are known to be enriched for ER components [29] . These necrotic debris and apoptotic bodies would serve as shuttle vehicles for IGRP to access the antigen cross-presentation pathway, which is responsible for activation and recruitment of diabetogenic CD8 + T cells.
Regardless of whether or not IGRP contributes to ER stress, some of the RIP-hIGRP lines described here should prove useful for investigating the biochemical and pathological consequences of ER stress in β-cells. Other lines (i.e. line #1114) should allow the precise definition of naturally processed epitopes in hIGRP that are capable of eliciting the activation and recruitment of autoreactive CD8 + T cells in humanized HLA transgenic NOD mice lacking endogenous mIGRP.
